Predictions of chemical species via diode laser spectroscopy 
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Abstract: A technique to predict temperature and chemical species in flames from absorbance 
of one Chemical species is presented. Predicted —P™' mo e fractions of 
methane and water agreed well with measured and published results. 
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1. Introduction 
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alospheric conditions. Merh.ne — - is measured »d other ch.micai speccs and 
temperature are predicted and compared to published results. 

2. Experimental setup 

The diode laser spectroscopy system includes the laser system, digital signal processor (DSP) board controller, data 
a rf - n 1 The laser beam is collimated by an anti-reflection coated aspheric lens and is 
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number of 31 positions aremeasured across the flame with spatial resolution of 1 mm. The DSP board controls all laser 
and scanner ramps, and acquires the raw data from the photodiode. These data are then 2/demodulated at the correct 
phase, normalized to the incident laser intensity and stored for subsequent download and analysis. 

The flame is generated from a Wolfhard-Parker burner [7] using methane and air. The burner consists of three 
sections of rectangular nozzles. The center nozzle is 8 mm * 40 mm with a cold fuel exit velocity of 1 1 cm/s, and the 
side nozzles are 16 mm * 40 mm each with a cold oxidizer exit velocity of 22 cm/s. The laser beam is scanned across 
the width of the nozzle. Methane measurements were conducted at heights of 7 , 9 and 1 1 mm above the nozzle. In this 
paper, only measurements at 9 mm above the nozzle are presented. 

3. Com bustion M odels 

The process of converting measured absorbances to mole fractions is trivial for chemical species in non-combusting 
flows. However, the process becomes complicated when measurements are conducted in combusting flows. In order 
to convert measured absorbances to mole fractions, the local temperature needs to be known accurately. Combustion 
models can be utilized to predict the temperature at the measurement locations. As the Damkohler number (the ratio of 
characteristic flow time and characteristic chemical time) approaches infinity, equilibrium chemistry dominates the 
reactions for which the chemical species and temperature are only a function of mixture fraction [3]. The mixture 
fraction is defined as the ratio of the mass originating from the fuel stream and the mass of the mixture. For finite 
Damkohler number, non-equilibrium chemistry dominates the reactions for which the chemical species and temperature 
are functions of mixture fraction and scalar dissipation rate. The scalar dissipation rate sets the molecular mixing rate 
between the fuel and oxidizer, and it is the instantaneous dissipation rate of the scalar energy per unit mass due to 

molecular diffusion in the flow. 

The state relationships for the equilibrium chemistry suggest that by just knowing the mixture fraction, all the 
chemical species concentrations and temperature in the flamecan be readily determined. On the other hand, the mixture 
fraction and scalar d issipation rate need to be known for n on-equilibrium chemistry in order to accurately determine the 
chemical species concentrations and temperature. ITAC was implemented and compared using two models. 

The first combustion model uses CETPC[4] to generate the equilibrium chemistry database for methane-air reaction 
The peak temp erature is 2225 K and the stoichiometric mixture fraction is 0.055. The second combustion model uses 
OPPDIF [5] and includes differential diffusion effects and chemical kinetics to generate near-equilibrium chemistry 
results In the computations, the strain rate was setto as low as 2.5 s '. Simplified or foil chemical kineticscan also be 
incorporated into the code. In this case, CrRI-Mech 3.0 was used for the chemical kinetics [6], These databases store 
the chemical species and temperature as a function of mixture fraction 

4. ITAC 

At each spatial location, absorbance measurements of the methane mole fraction is provided and analyzed asuuming 
(arbitrary) T=300 K at all pcunts.fln-QrdeLla. quantify thejncasurements, temperature needs to be known. The following 
procedures aTe used to correctthe DLS measurements by determining the temperature iteratively: (1 ) Guess the mixture 
fraction. The corresponding mixture fraction for the initial mole fraction as determined from the data can be used as the 
initial «uess; (2) Obtain theoretical mole fraction of methane and temperature for the guessed mixture fraction from the 
database; (3) Correctmole fraction ofmethane from DLS using the temperature obtained from the second step. The mole 
fraction ofmethane changes with temperature due to the decrease innumber density, change in absorption cross section, 
and from line-shape effects on the WMS response; (4) Compare the methane mole fraction obtained from the database 
and the temperature-corrected methane mole fraction from DLS measurements. Ifthe two values are comparable, then 
the correct local temperature was obtained. If not, then the the above procedures are repeated by guessing a new mole 
fraction and iterating. 

5. Results & Conclusions 

Figure 1 shows the comparison between published [7], experimental, and predicted results ofmethane, water, and 
temperature for the Wolfhard-Parker burner at 9 mm above the nozzle. Note that only measurements of methane 
absorbances were used with ITAC for predicting methane and water concentrations, and temperature profiles. The 
iterative process of ITAC guesses and refines the mixture fraction by comparing the resulting mole fraction ofmethane 
with the "uessed mixture fraction and the mole fraction of methane computed from the methane absorbances with the 
resulting temperature for the guessed mixture fraction. The discrepancy between the measured concentration ofmethane 





Fig. 1. Comparisons between measured, predicted, an d published results of methane concentrations (top), temperature (middle), 
and water concentrations (bottom) in a methane/air diffusion flame of a Wolfh ard-Parker burner at 9 mm above the nozzle 


(using measured temperature foT quantifying the absorbances) and the published results ofSmythet al. [7] is possibly 
due to the incomplete response of the laser to a modified square wave modulation. Concentrations of methane are well 
predicted by the two combustion models. However, the temperature distribution and water concentrations are not well 
predicted by CETPC. Better agreement between predictions and measurements is seen with the near-equilibrium model 
of OPPDIF. The comparisons further suggest that non-equilibrium chemistry models will need to be implemented to 
improve predictions of the major species and temperature profile, especially the minoT species; this will entail the 
measurement of a radical species (e.g. OH). 

The method of ITAC provides a way to predict combustion reactants, products and temperature from the absorbance 
measurements of one (e.g. CH 4 , H 2 0, ot CO,) or two species (e.g. CH 4 and OH). ITAC eliminates the need to directly 
measure temperature in order to q uantify DLS measurements, and may proveto be a very powerful tool m monitoring 
combustion by improving efficiency and reducing the emissions of pollutants. 
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